It is becoming increasingly evident that epigenetic mechanisms influence gene expression and can explain how interactions between genetics and the environment result in particular phenotypes during development. The extent to which this epigenetic effect contributes to phenotype heritability in age-related macular degeneration (AMD) is currently ill defined. However, emerging evidence suggests that epigenetic changes are relevant to AMD and as such provide an exciting new avenue of research for AMD. This review addresses information on the impact of posttranslational modification of the genome on the pathogenesis of AMD, such as DNA methylation changes affecting antioxidant gene expression, hypoxia-regulated alterations in chromatin structure, and histone acetylation status in relation to angiogenesis and inflammation. It also contains information on the role of non-coding RNA-mediated gene regulation in AMD at a posttranscriptional (before translation) level. Our aim was to review the epigenetic mechanisms that cause heritable changes in gene activity without changing the DNA sequence. We also describe some long-term alterations in the transcrip-
Introduction
Epigenetic mechanisms may have a pathogenic role in many complex eye diseases such as keratitis, amblyopia, myopia, cataract, glaucoma, proliferative vitreoretinopathy, diabetic retinopathy, retinitis pigmentosa, uveal melanoma, retinoblastoma, and age-related macular degeneration (AMD). 1 The pathogenesis of AMD involves genetic and environmental influences. The former consists of common and rare genetic, copy number and mitochondrial sequence variations and epigenetics. 2 The latter includes smoking, obesity, and dietary factors such as antioxidants and dietary fat intake. 3 As such AMD is a complex, multifactorial disease. These risk factors result in pathologic responses such as inflammation, ischemia, and vascular remodeling, as well as neurodegeneration. [4] [5] [6] So where does epigenetics fit in?
Epigenetics is defined as the study of covalent modification of the genome that alters structure and function but not gene sequence. 7 Epigenetics describes a means by which genes are either turned on or turned off by a heritable epigenome. 8 Usually, we inherit two copies of one gene, one from each parent, however, if one of those copies is epigenetically shut off and the remaining working gene is deleted or severely mutated, the phenotype changes. For example, Angelman syndrome is a nervous system disorder caused by the turning off (genetic imprinting) of the normally expressed maternal gene by deletion in chromosome 15 . Its 'sister' disorder called Prader-Willi syndrome is caused by the loss of the paternal contribution of another gene in the same region of chromosome 15 . In each case, the presence of a second normal (wild-type) copy of the gene(s) on the methylated, tightly packed copy of chromosome 15 is of no use in correcting the defect. 9 Epigenetic mechanisms influence gene expression and explain how interactions between genetics and environment can give rise to phenotypes during development. 10 One example is the much stronger effect of sunlight exposure on skin cancer risk in fair-skinned humans than in individuals with darker skin or the flushing response seen after alcohol ingestion in individuals with low-activity polymorphisms in the aldehyde dehydrogenase gene. 11 Epigenetic mechanisms comprise DNA methylation, histone modification, chromatin remodeling, non-coding RNA-mediated gene silencing, and other mechanisms involved in generating and maintaining heritable chromatin structure and attachment to the nuclear matrix. 12 Genome-wide association studies have identified major common susceptibility genetic variants, but they have failed to explain the complete genetic heritability in complex diseases. 13 What remains to be explained regarding the origin of the disease at a molecular level is often referred to as 'missing heritability'. Exploring the operation of the epigenetic 'machinery' may shed some light on what is called the 'dark matter of the genome'.
Disruption of the epigenome is a fundamental mechanism in a number of cancers, and several epigenetic drugs that have proved to prolong survival and to be less toxic than conventional chemotherapy have been recently approved for cancer treatment. 14 Likewise, the understanding of the significance of common and rare genetic variants and their relationship to epigenetics and environmental influences may help in establishing methods to assess the risk of AMD and plan new therapeutic interventions for the leading cause of central vision impairment in patients over the age of 50 years in developed countries. 6 DNA methylation and histone acetylation in AMD DNA methylation in vertebrates typically occurs in cytosine-phosphate-guanine (CpG) sites, where a cytosine is directly followed by a guanine in the DNA sequence and it results in the conversion of the cytosine to 5-methylcytosine. The formation of Me-CpG is catalyzed by the enzyme DNA methyltransferase (DNMT). The modification of DNA by the addition of a methyl group to cytosine changes the electrostatic nature of chromatin. 15, 16 The overall methylation state in a cell might be a precipitating factor in carcinogenesis as evidence suggests that genome-wide hypomethylation can lead to chromosome instability and increased mutation rates. 17 In general, CpG methylation silences genes, whereas demethylation activates them, although recent studies have shown that the functional effects of DNA methylation can vary according to the genomic context. 18 Histones that are protein components of chromatin act as spools around which DNA winds and this enables large genomes of eukaryotes fit inside the cell nuclei. Histone acetylation and deacetylation are essential parts of gene regulation. Histone acetylation is associated with transcriptional activation, whereas deacetylated histones are associated with transcriptional repression. 19 
DNA methylation changes affect antioxidant gene expression in AMD
Although the cause of AMD is incompletely understood, there is evidence that oxidative stress is involved. Antioxidant vitamins can slow the progression in moderate to advanced AMD. 20 Patients with AMD appear to have a reduced serum antioxidant potential, which is partially alleviated by vitamin supplementation. 21, 22 Further, smoking, a potent oxidative insult, is the most important environmental risk factor for AMD. [23] [24] [25] [26] [27] Damaging proteins, lipids, and free radicals can influence chromatin structure. To assess the potential contribution of epigenetic regulation of antioxidant genes relevant to AMD pathogenesis, Hunter et al 28 evaluated DNA methylation and the way it affects gene expression. Glutathione S-transferase PI (GSTP1) is a scavenger of reactive oxygen species (ROS) and its absence could reduce protection from genome-damaging oxidants, resulting in increased vulnerability to further oxidative insults. Hunter et al 28 found that mRNA levels of glutathione S-transferase isoforms mu1 (GSTM1) and mu5 (GSTM5) were significantly reduced in AMD patients vs age-matched controls in retinal pigment epithelium (RPE)/choroid and neurosensory retina. This corresponded to hypermethylation of the GSTM5 promoter. mRNA and protein levels were decreased in the RPE to a greater extent than the neurosensory retina in AMD post-mortem samples, irrespective of age. They concluded that comparison of DNA methylation, together with mRNA levels, revealed significant differences between AMD vs normal retinas. This suggests that GSTM1 and GSTM5 undergo epigenetic repression in AMD RPE/choroid, which may increase susceptibility to oxidative stress in AMD retinas.
The interleukin 17 receptor C (IL17RC) gene serves as an essential subunit of the IL-17 receptor complex that mediates the signal transduction and proinflammatory activities of IL-17A and IL-17F. Wei et al 29 assessed whether methylation changes could be identified through the analysis of twin pairs as these provide a means of dissecting apart genetic and environmental components of disease. In this study, they initially investigated genome-wide differences in DNA methylation patterns between twins (both monozygotic and dizygotic) with discordant AMD and further validated methylation changes identified at the IL17RC promoter in discordant siblings for AMD as well as in an AMD case-control cohort where cases presented with either the dry or the wet form of AMD. Furthermore, they evaluated IL17RC expression in the eyes and blood of AMD patients. They showed a significantly decreased level of methylation on the IL17RC promoter in AMD patients. Further, they showed that hypomethylation of the IL17RC promoter in AMD patients led to an elevated expression of its protein and mRNA in peripheral blood as well as in the affected retina and choroid, suggesting that the DNA methylation pattern and expression of IL17RC may potentially serve as a biomarker for the diagnosis of AMD and likely have a role in disease pathogenesis. Their results suggested a potential mechanism by which proinflammatory monocytes could promote AMD pathology.
In contrast to the findings above, Oliver et al 30 did not find evidence of differential methylation between AMD cases and age-matched controls and they concluded that hypomethylation within the IL17RC gene promoter in peripheral blood is not suitable for use as a clinical biomarker of AMD, highlighting the need for considerable replication of epigenetic association studies before clinical application.
DNA methylation and histone acetylation status may affect AMD pathogenesis via the inhibition of angiogenesis and inflammation
Clusterin/apolipoprotein J (apo J), a multifunctional secreted chaperone, is one of the major proteins in drusen that are protein aggregates deposited between RPE and Bruch's membrane in AMD. 31, 32 Clusterin also participates in cholesterol transport and is present in high-density lipoprotein complexes in human plasma, 33 and for that reason, clusterin is sometimes called apo J. Clusterin and vitronectin are the complement regulatory proteins that can bind to the membrane attack complexes and prevent cytolysis. The deficiency of these complement inhibitors might aggravate inflammation and provoke the exudative phase of AMD. The promoter of clusterin contains a CpG-rich methylation domain. As aging affects both DNA methylation and histone acetylation status, the epigenetic regulation might have an important role in clusterin/apo J expression. DNMT and histone deacetylase (HDAC) inhibitors are potent angiostatic agents, inhibiting angiogenesis both in vitro and in vivo. HDAC inhibitors are characterized as inhibitors of angiogenesis, and clusterin as a complement inhibitor. Epigenetic therapy with DNMT and HDAC inhibitors are currently being evaluated in clinical trials for cancer. 34 Trichostatin A is a potent HDAC inhibitor that evokes histone hyperacetylation and induces selective gene transcription. 35, 36 Suuronen et al 37 observed that treatments with DNMT and HDAC inhibitors induced prominent increases in the expression levels of clusterin mRNA and protein in ARPE-19 cells, as well as in the secretion of clusterin protein. Furthermore, they observed that valproic acid, recently shown to inhibit the activity of HDACs, 38 induced a significant increase in clusterin protein expression and secretion in retinal pigment epithelial cells. Their results indicate that epigenetic factors regulate clusterin expression in RPE cells. This might affect the pathogenesis of AMD via the inhibition of angiogenesis and inflammation. Although the role of clusterin in the pathogenesis of AMD is largely unknown, as a complement inhibitor, it might protect against inflammation and reduce neovascularization.
Additionally, Crosson et al 39 demonstrated that HDAC inhibitors can significantly reduce retinal injury initiated by ischemia/reperfusion. This retinal protective action was associated with the suppression of retinal tumor necrosis factor-a (TNF-a) expression. In vitro studies provided evidence that HDAC inhibitors can also inhibit the downstream action of TNF-a, suppressing the increases in matrix metalloproteinases associated with TNF-a receptor stimulation. These findings support the idea that the regulation of acetylation in the retina provides a viable neuroprotective strategy for the treatment of retinal diseases in which ischemia may have a role in the etiology of the disease, such as in wet AMD.
Hypoxia-inducible factors and chromatin remodeling in AMD
The cellular response to hypoxia is largely dependent on changes in gene expression, which are mainly commanded by a unique family of transcription factors named HIFs, for hypoxia-inducible factors. [40] [41] HIFs are heterodimeric transcription factors composed of a constitutively expressed HIF-1b subunit and one of three oxygen-sensitive a-subunits (HIF1A, HIF2A, or HIF3A). 42, 43 HIF-a subunits are hydroxylated in two key prolyl residues by specific prolyl hydroxylases (PHD1, PHD2, and PHD3). [44] [45] [46] When cells become hypoxic, hydroxylation is inhibited and HIF starts to accumulate.
Although HIF1 is expressed by a single gene, HIF1A, 47 the transcription of the gene is not affected by oxygen showing that regulation of HIF takes place primarily at the posttranslational level.
Stress-induced changes in gene expression are accompanied by or are a result of changes in chromatin structure; however, the relationship between hypoxiaregulated alterations of chromatin and downstream effects on transcription is addressed in relatively few studies. 48 Johnson et al 49 found that hypoxia causes widespread repression of total RNA and mRNA synthesis, independently of HIF-1, and globally induces a mixture of histone modifications, typically associated with either transcriptional activation or repression.
Oxidative stress has been implicated in the senescence of RPE cells and pathogenesis of AMD; it occurs when the level of ROS, such as free radicals, hydrogen peroxide, and singlet oxygen, exceeds the detoxifying capacity of antioxidants or molecular chaperones (a large group of unrelated protein families whose role is to stabilize unfolded proteins, to prevent inappropriate association or aggregation of exposed hydrophobic surfaces and direct their substrates into productive folding, transport, or degradation pathways), especially in the retina, where the production of ROS is high. [50] [51] [52] [53] [54] It appears clear that ROS and HIF are directly involved in stimulating angiogenesis, both in tumors and in the retina. 55, 56 Intermittent hypoxia, followed by reoxygenation, has been shown to determine the production of ROS, which may lead to HIF activation and accelerated aging and to the appearance of age-related diseases. 57 ROS increases HIF protein expression and prevents the hydroxylation of HIF-1a protein. This results in the elicited transcriptional activity. 58, 59 These molecular responses ultimately lead to the increased expression of vascular endothelial growth factor (VEGF) that is the predominant growth factor-stimulating choroidal neovascularization (CNV) in exudative AMD. 60 Although different aspects of HIF regulation are well known, it is still unclear by which precise mechanism HIFs activate transcription of their target genes. Efforts are being made to understand how various complement cascade-associated gene polymorphisms affect hypoxiasensitive elements and the retinal pathology. Local inflammatory and immune-mediated events are involved in the development of drusen, although the precise cellular mechanisms need to be studied. [61] [62] [63] A variety of inflammatory cells, including macrophages, fibroblasts, mast cells, histiocytic, and giant cells, have been found in the choroid and in isolated choroidal neovascular membranes of eyes suffering from advanced AMD emphasizing their important contribution to AMD pathogenesis. [64] [65] [66] [67] Hypoxia provokes a marked decrease of general transcription that seems to rely in part on epigenetic changes through a poorly understood mechanism.
Transcriptional activation of the HIF1A upregulates the expression of VEGF in general and in RPE cells. It is thus a central molecule for triggering CNV formation and has therefore been proposed as a promising novel therapeutic target in the treatment of CNV in exudative AMD. Further results are required to establish the potency of this interesting molecule as a therapeutic target in AMD treatments. 68 Non-coding RNA (microRNA)-mediated gene regulation in AMD
Regulation of gene expression by microRNAs is implicated in choroidal neovascularization
Over the past few decades, microRNAs (miRNAs) have emerged as a prominent class of gene regulators. miRNAs are endogenous small, single-strand noncoding RNAs of about 22 nucleotides. 69 miRNA functions as a guide molecule in posttranscriptional gene silencing. Base pairing between miRNA and mRNA leads to translational repression or mRNA degradation. 70 By regulating numerous mRNAs, miRNAs have a key role in a wide range of physiologic and pathologic processes. 71, 72 Accumulating evidence indicates that aberrant miRNA expression profiles are observed in a variety of cancers. Several specific miRNAs control blood vessel formation, such as miR-126. 73 Aberrant angiogenesis leads to a variety of pathologies such as cancer, ischemia, psoriasis, and AMD.
Sabatel et al 74 first performed in vitro experiments to test the involvement of miR-21 in angiogenesis and they found that miR-21 overexpression impairs angiogenesis in vitro. Using different in vitro angiogenic assays, they demonstrated that miR-21 overexpression affects endothelial cell proliferation, migration, and organization into tubes. MiR-21 was also found to modify actin cytoskeleton organization. The same investigators demonstrated in vivo the therapeutic efficacy of miR-21 overexpression in reducing angiogenesis in a model of pathologic CNV. To evaluate the impact of miR-21 in vivo in pathologic angiogenesis, they used a laser-induced murine model of CNV, which mimics AMD pathology. 75 Intravitreal injection of premiR-21 or the control molecule was performed just after laser burns. Seven days after Bruch's membrane rupture at four locations, the mice were injected with fluoresceinlabeled dextran and the eyes were removed and mounted for microscopic analysis. The CNV at the Eye Bruch's membrane rupture sites was quantified by area. A marked reduction in blood vessel density in animals treated with pre-miR was noted. These results indicate the therapeutic efficacy of miR-21 induction in pathologic angiogenesis. Few angiogenic inhibitors have been used in therapy and they have failed to produce an enduring clinical response in most patients. Their low efficacy is notable because of the appearance of resistance mechanisms, as these inhibitors are specific for a single angiogenic receptor. 76, 77 Therefore, the ability of one miRNA to target multiple mRNAs represents an attractive potential therapeutic approach.
Shen et al 78 used microarray analysis to identify miRNAs that are upregulated or downregulated in ischemic retina. Three miRNAs were confirmed to be substantially reduced in ischemic retina by real-time PCR and the effect of intraocular injection of these miRNAs was tested on levels of products of target genes and on neovascularization. Candidate target genes were identified for three downregulated miRNAs: Pdgfb and Hif1a for miR-31, Vegf and Pdgfb for miR-150, and Frizzled4 for miR-184. Compared with injection of a control pre-mi, injection of premiR-31 into the eyes of mice with ischemic retinopathy caused significant reductions in platelet-derived growth factor-B (PDGF-B) and HIF-1a, confirming that they are targets for miR-31. In a similar manner, VEGF and PDGF-B were confirmed to be targets for miR-150. Interestingly, they found that injection of premiR-31 also reduced VEGF in ischemic retina, which must occur indirectly, possibly through reduction of HIF-1a, because VEGF is not a target for miR-31. HIF-1a is a transcriptional activator of VEGF that is responsible for increased VEGF levels in ischemic retina. 79, 80 The target genes that have been identified for miR-31 and -150 code for proteins that have proangiogenic activity, which provides reasonable mechanisms of action for inhibition of neovascularization achieved by injection of these miRNAs. The ability of miRNAs to alter simultaneously levels of several gene products in the angiogenesis cascade, and their role as part of an endogenous control system that could potentially be manipulated, suggest that they may be valuable in the development of new treatments for neovascular AMD.
MiRNAs as regulators of macular RPE cell survival in response to oxidative stress
Numerous studies have demonstrated that miRNAs are involved in the regulation of cell survival in response to oxidative stress. 81, 82 RPE cell damage, induced by high levels of ROS, has an important role in the pathogenesis of AMD. [83] [84] [85] [86] Exposure of cells to oxidant generators elicits changes in the expression of multiple genes, and these changes are responsible for ROS-mediated RPE cell death and apoptosis. [87] [88] [89] The extrinsic apoptosis pathway is activated by apoptosis-inducing ligands, such as the Fas ligand. 90 Increased Fas expression in AMD photoreceptors has been found in eyes with exudative AMD and in those with geographic atrophy (GA). 91 Lin et al 92 evaluated the miR-23a expression level in AMD, and the interaction between miR-23a and apoptotic factor, such as Fas in oxidative stress, was determined.
First, they identified that miR-23a expression was downregulated in macular RPE cells from AMD patients compared with normal donors. Second, they showed that forced overexpression of miR-23a reduced cell death induced by hydrogen peroxide. The protective effect of miR-23a was blocked by miR-23a inhibition. Finally, they identified that miR-23a binds to the 3 0 -untranslated region of Fas, an apoptotic factor involved in ROSmediated cell death. Downregulation of Fas by miR-23a could help protect RPE cells from oxidative damage. For the first time, they showed an antiapoptotic effect of miR-23a against oxidative injury and the expression changes of miR-23a could be very important in ROS-mediated cell death/survival and gene expression. Their results clearly indicate that miR-23a has an important role in cytoprotection of RPE cells by prevention of apoptosis. The protection of RPE cells against oxidative damage is afforded by miR-23a through the regulation of Fas, which may be a novel therapeutic target in retinal degenerative diseases.
MiRNAs as regulators of the inflammatory process, an important factor in the pathogenesis of AMD
A normal functioning RPE is indispensable for vision. RPE dysfunction, resulting from chronic inflammation, is an important factor in the pathogenesis of AMD. 93 Ocular inflammation is often associated with the infiltration of lymphocytes and macrophages to the posterior compartment of the eye and their secretion of inflammatory mediators such as IFN-g, TNF-a, and IL-1. 94, 95 These inflammatory cytokines can target the RPE and seriously impair its many critical functions.
MiRNAs, by their ability to target messenger RNAs for degradation or translational repression, are known to regulate inflammatory responses. 96 Many genes including BACH1, SHIP1, CEBPB, and IKKe are targeted for translational repression by miR-155. [97] [98] [99] [100] Kutty et al 101 investigated the miRNA expression in human RPE cells in response to treatment with inflammatory cytokines IFN-g, TNF-a, and IL-1b. They showed that inflammatory cytokines increase miR-155 expression in human RPE cells. They also demonstrated that the Janus family kinases/signal transducers and activators of transcription signaling pathway could be directly involved in the regulation of miR-155 expression. RPE cell perturbation resulting from chronic inflammation is thought to be a major factor in the development of AMD. 93 Thus, miR-155, because of its inherent ability to regulate inflammatory processes, could have a key role in the pathogenesis of AMD. miR-155 has the potential to modulate the response of the RPE cells to inflammatory stimuli and, therefore, this miRNA may serve as a target for therapeutic intervention in retinal diseases such as uveitis and AMD.
Complement factor H (CFH) is an important member of the regulator of complement activation (RCA) group of proteins. The brain and retina may have an independent CFH supply secreted by neurons, astroglia, microglial, and/ or endothelial cells. [102] [103] [104] CFH expression is significantly downregulated in the degenerating brain and retina, suggesting that insufficient quantities of this RCA regulator lead to excessive activation of the innate immune response and proinflammatory signaling. [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] There are many shared pathologic characteristics of Alzheimer's disease (AD) and AMD, including decreases and/or dysfunction in CFH. 118 CFH inhibits alternative pathway activation both in plasma and on cell surfaces by promoting C3b proteolysis. 108 This pathway is strongly implicated in AMD risk, as several components are either present in diseased tissues, such as the characteristic extracellular drusen deposits (CFH, C3b/ iC3b, BF, and C5b-9), or they are genetically associated with disease risk (C3, C2/BF, CFH, CFHR1, CFHR3, and CFI). [119] [120] [121] [122] [123] miRNA-mRNA pairings have been strongly selected over evolution to maximize their efficiency in regulating brain and retinal gene expression, as well as expression in other tissues. Lukiw et al 118 recently showed that upregulation of brain-and retinal-abundant miRNAs, including miRNA-9, miRNA-125b, miRNA146a, and miRNA-155, are common to the pathogenetic mechanism of CFH deficiency that drives inflammatory neurodegeneration, which is characteristic of both AD and AMD. They speculated that a subfamily of human miRNAs that include miRNA-125b, miRNA-146a, miRNA-155, and perhaps miRNA-9 and others may help coordinate innate immune and inflammatory signals across the entire anteroposterior axis of the retinalprimary visual cortex pathway, and perhaps also in other immunoresponsive cells and tissues. They suggested that anti-miRNA therapeutics could be developed for the effective management of these diseases.
The miRNA-processing enzyme DICER1 is reduced in the RPE of humans with GA inducing Alu RNA toxicity DNA that does not code for proteins represents 98% of our genome. 124 This intronic non-coding DNA contains regulatory elements that control gene expression. A variety of diverse elements are needed for posttranscriptional regulation of gene expression. They are located mainly in the untranslated regions of mRNAs, where they control the diverse posttranscriptional processes, such as RNA editing or modification (such as methylation). Transposons are considered generally as non-coding DNA, although they can mediate structural changes and they can affect expression of genes by numerous ways. A transposable element (transposon or retrotransposon) can change its position within the genome. The most common transposable elements are called Alu genetic elements that can induce mutations by inserting near or within genes. If such mutations are confined to non-coding regions, they have little discernible impact on the bearer. Alu insertions are however sometimes disruptive and can result in inherited disorders (cancer types).
Kaneko et al 125 showed that the miRNA-processing enzyme DICER1 is reduced in the RPE of humans with GA, and conditional ablation of Dicer1, but not seven other miRNA-processing enzymes, induces RPE degeneration in mice. Their findings suggested that the principal biologic effect of DICER1 deficit contributing to the development of GA is not miRNA dysregulation. However, this does not exclude miRNA dysregulation promoting GA through other pathways. Their findings elucidate a critical cell survival function for DICER1 by functional silencing of toxic Alu transcripts. The ability of Alu RNA antisense oligonucleotides to inhibit DICER1 depletion-induced RPE cytotoxicity provides a rationale to investigate Alu RNA inhibition or DICER1 augmentation as potential therapies for GA.
Conclusions and future directions
It has been said that calculating the risk based on combination of all risk allele seems more appropriate than using single susceptibility genes variants as a predictive value for AMD, but this requires robust estimates of risk scores for each of the associated loci. 126 A major challenge lies in understanding the functional significance of the variants, their relationship with each other and to epigenetic and environmental contributions. Recently, the Encyclopedia of DNA Elements (ENCODE) project has systematically mapped regions of transcription, transcription factor association, chromatin structure, and histone modification. These data provide biochemical functions for 80% of the genome, in particular outside of the well-studied protein-coding regions 127 (http://www. genome.gov/10005107). Next-generation sequencing technologies and the use of high-resolution genome-wide epigenetic profiles offer high-throughput approaches that promise a more complete understanding of the functional Review of the epigenetic mechanisms in AMD M Gemenetzi and AJ Lotery impact of epigenetics, that is, large-scale epigenetic studies of disease-discordant monozygotic twins who are completely matched for genetics, age, sex, cohort effects, maternal influences, and common environment, and are closely matched for other environmental factors, may be considerably more powerful in detecting disease-related epigenetic differences than epigenetic studies of unrelated disease cases and controls with different life histories. 12 A significant obstacle in investigating the impact of epigenetic mechanisms in AMD is that we need access to the tissue we are interested in to study processes such as methylation. This is difficult for the eye as we cannot easily access eye tissues such as the retina except post mortem. Possibly, generating eye tissues such as RPE from patient-derived stem cells may allow such investigations in the future.
Although the complete extent to which epigenetic changes contribute to AMD is unknown, the papers referenced in this review provide tantalizing evidence that epigenetic changes do contribute to AMD (Table 1) .
Any therapeutic intervention for AMD that addresses an isolated pathogenetic mechanism is unlikely to address the impact of multiple complex pathways that lead to the development of the disease. This review highlights the important role epigenetics has in human disease, and it emphasizes the need to study the role of epigenetics in AMD pathogenesis in the future.
